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Preface

Chromium (VI) reagents are versatile oxidants used frequently by both academic
and industrial chemists. In the past three decades, particularly from 1975, a
number of new oxidizing agents containing Cr(VI) species have been discovered
and published in various professional journals. Such newly discovered Cr(VI)
oxidants have been found to possess certain specificity and selectivity in their
behaviour. All such interesting and useful informations from various international
journals have been collected; the methods of preparation of these compounds and
their applications in different spheres have been critically evaluated, and are
presented in this book in such a manner that this would be an easy-to-use ready
reconer for persons working in this field. This monograph is the ONLY
COMPREHENSIVE SOURCE of information on as many as 40 new generation
Cr(VI) reagents, in our opinion, this publication will be useful for post-graduate
chemistry students of all colleges and universities and chemists working in the
academic and industrial research laboratories world wide. The information pre-
sented in this book spans as many as 284 original research papers published in
various international professional journals and, only very significant and specific
data on each of the reagents considered are presented in this book. Though the
main attention is on the synthetic applications of these reagents, their utility in the
kinetics and biological application is also significant and are outlined in Chaps. 4
and 6 respectively. However for more details, the readers are suggested to go
through the original papers cited in the reference. The authors wish to acknowl-
edge the help rendered by many, including some of their students in collecting
research papers and their colleagues for many useful discussions and suggestions.
The authors also request the readers who may come across any other reagents of
this family which are left out by oversight to provide relevant information so that
they can be included in the next edition. We would also be glad and thankful to
receive any helpful suggestions and comments from the readers.

Chennai, April 2011 S. Sundaram
P. S. Raghavan
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Abbreviations

Abbreviations used in the text and the corresponding name and structure of the reagents

Abbreviation Compound Formula/Structure

BIDC Benzimidazolium
dichromate

N

N
H 2

+

Cr2O7
2-

BIFC Benzimidazolium
fluorochromate

N

N
H

+

FCrO3
-

BTEACC Benztriethylammonium
chlorochromate

C6H5CH2–(C2H5)3N+ClCrO3
-

BPCC Bipyridinium
chlorochromate

N N
H

+
ClCrO3

-

3CPDC 3-Carboxypyridinium
Dichromate
(Nicotinium
dichromate)

N
H

+

COOH

2

Cr2O7
2-

CTADC Cetyltrimethylammonium
dichromate

[CH3–(CH2)14–CH2– N+–(CH3)3]2 Cr2O7
-
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(continued)

Abbreviation Compound Formula/Structure

3CPCC 3-Carboxypyridinium
chlorochromate
(Nicotinium
chlorochromate) N

H

+

COOH

2

ClCrO3
-

DCPCC 2,6-Dicarboxypyridinium
chlorochromate

N
+

H COOHHOOC

ClCrO3
-

DCPFC 2,6-Dicarboxypyridinium
fluorochromate

N
+

H COOHHOOC

FCrO3
-

DMAPCC 4-N,N-Dimethylaminopyridinium
Chlorochromate

H3C    CH3

N

N

H

+

ClCrO3
-

GCC Guanidinium
chlorochromate

(NH2)2C(NH)+ClCrO3
-

ICC Imidazolium
chlorochromate N

H

N
H

+

ClCrO3
-
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Abbreviation Compound Formula/Structure

IFC Imidazolium
fluorochromate N

H

N
H

+

FCrO3
-

MICC 1-Methylimidazolium
chlorochromate N

H

N
H

+

ClCrO3
-

NCC Naphthyridium
chlorochromate

N N
H

+

ClCrO3
-

PDC Pyridinium
dichromate

Cr2O7
---

NH
+

PCC Pyridinium
chlorochromate

ClCrO3
-

NH
+

PFC Pyridinium
fluorochromate

CrO3F- NH
+

PBC Pyridinium
bromochromate CrO3Br-NH

+
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Abbreviation Compound Formula/Structure

PzCC Pyrazinium
chlorochromate

N

N
H

+ ClCrO3
-

PVPDC Polyvinylpyridinium
dichromate

N
H

+

(CH2-CHCl)n

2

Cr2O7
2-

QCC Quinolinium
chlorochromate

N
H

+
ClCrO3

-

QFC Quinolinium
fluorochromate

N
H

+
CrO3F-

QBC Quinolinium
bromochromate

N
H

+ CrO3Br-

TPSDC Tetrakispyridiniumsilver
dichromate

[Ag(Py)2]2 Cr2O7

TBACC Tetrabutylammonium
chlorochromate

[C4H9]4N+ClCrO3
-

TMSCC Trimethylsilyl
chlrochromate

(CH3)3SiH ClCrO3

xii Abbreviations



Chapter 1
Introduction

Oxidation is an important process in many natural events, including our life cycle.
Oxidation is defined as the addition of oxygen, loss of hydrogen or loss of elec-
trons. Thus the molecular oxygen itself or a substance which can release oxygen
on decomposition, such as peroxides, can act as oxidizing agents. On the other
hand, metals being highly electropositive, they tend to lose electrons easily and
thus any metal atom which can exist in more than one valency can function as an
oxidant under suitable conditions. Consequently oxidants may be classified as
metal oxidants and non-metal oxidants.

Among the non-metal oxidants, molecular oxygen, ozone, peroxides, halogens,
nitric acid, nitrous acid, etc. are commonly used substances. Usually, molecular
oxygen requires relatively elevated temperature or light or a catalyst for its per-
formance. However, in vivo systems intelligently make the oxygen react exactly at
the target site by transporting it in the form of a complex with molecules like
haemoglobin and myoglobin and delivering it in high local concentration at the
site of the reaction! Ozone is a powerful oxidant and the well known ozonolysis of
alkenes, which passes through the formation of a five- member malozanide is
highly useful in determining the position of unsaturation in the alkene. Halogens
are also good oxidants and their oxidizing ability follows the order
F2 [ Cl2 [ Br2 [ I2. The oxidizing abilities of nitric acid, nitrous acid, periodic
acid and other non-metal oxidants are well understood and discussed in detail in
many standard inorganic chemistry text books.

Among the metal-ion oxidants, Ag+ and Cu2+ are relatively mild oxidants and
are best suited for oxidizing aldehyde groups to carboxylic acid in the presence of
other oxidisable functions such as alcohols. For example, Tollen’s reagent,
Ag(NH3)2+, Fehling’s and the Benedict’s solutions consisting of Cu2+ ions in
presence of tartrate or citrate respectively are well known reagents. Metal ions
such as Ce4+, Cr6+, Mn7+, V5+ and Os8+ are powerful oxidants commonly
employed to oxidize several organic functional groups. All of them are good
oxidants specifically in acid medium while Mn7+ can do so even in basic medium.

S. Sundaram and P. S. Raghavan, Chromium-VI Reagents: Synthetic Applications,
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However, as this book deals mainly with Cr(VI) oxidants only, a detailed account
of various oxidizing agents containing hexavalent chromium ion is given in the
following chapters.

1.1 Chromium: The Element

Chromium is a steel-gray, lustrous and hard metal. It was discovered by Louis
Nicholas Vauquelin in 1798 from the mineral crocolite, which consists of lead
chromate. The name chromium is derived from the Greek word chroma, which
means color, owing to the different colors produced by its compounds. Chromium
is the 21st most abundant element found on the Earth’s crust. However, it never
occurs as a free metal and is extracted from the mines as chromite ore. Chromium
occurs in many oxidation states +1, +2, +3, +4, +5, +6, of which +3 and +6 are
most common, while +1, +4 and +5 are the rare oxidation states. Chromium has
found a wide range of applications, mainly due to its hardness and resistance to
corrosion. It is also known for its remarkable magnetic property. It is mainly used
in the manufacture of stainless steel, along with nickel, as it prevents corrosion and
discoloration of steel. Today, chromium is a very important alloying material
for steel.

Acidic chromate or dichromate solutions are also used for surface coating. This
is usually done with the help of electroplating technique, in which a thin layer of
chromium is usually deposited on the surface of metals. However, for imparting
wear resistance quality, a thick layer is required to be deposited. Alternatively the
chromate conversion coating process can be employed in which chromates are
used to deposit a protective layer on certain metals like aluminium, cadmium, zinc,
silver and magnesium.

Salts of chromium are used for their toxic properties in preserving wood from
decay and damage caused by fungi, insects and termites. Chromium (III) salts are
also used in leather tanning. The high melting point and resistance to heat makes
chromite and chromium oxide an ideal refractory material. They have found
applications in blast furnaces, cement kilns and metal casting. Besides, many
compounds of chromium are used as catalysts. Chromium (IV) oxide is used to
produce magnetic tapes, which are used in audio tapes and cassettes.

Chromium is also used in pigment industries. Chrome yellow, made of lead
chromate was widely used as a pigment in the past, but due to environmental
issues, its use has significantly declined as it contains lead, which is a toxic
material. Other pigments of chromium include chrome red, chrome oxide green
and chrome green, which is a mixture of chrome yellow and Prussian blue.
Chromium oxide is used for imparting greenish color to glass. Besides, some
precious stones also owe their attractive colour and appearance to the presence of
chromium. Emerald is a form of beryl (beryllium aluminium silicate) which is
green because of the inclusion of a little chromium into the beryl crystal lattice in
the place of some of the aluminium ions. Similarly, traces of chromium
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incorporated into the crystal lattice of corundum (crystalline aluminium oxide,
Al2O3) as a replacement for some of the Al3+ ions results in another highly
coloured gem stone, the red ruby. Chromium oxide is also used in manufacturing
synthetic rubies. Besides, it is also required as a trace element in the human body.

1.2 Chromium (VI) as Oxidant

Hexavalent chromium is a well known and versatile oxidizing agent. The acid
dichromate, chromyl chloride and chromyl acetate were known for about a century
and their reactions have been well documented [1–11]. They oxidize the activated
C–H bonds emerging from an aromatic ring so completely that they usually convert
any alkyl benzene to benzoic acid. Cr(VI) reagents are so powerful that they can also
oxidize alkenes and alkynes, breaking the C–C bonds. Following the introduction of
pyridinium chlorochromate by Corey and co-workers [12] in 1975, a myriad of
modified versions of Cr(VI) oxidants has emerged on the horizon of organic syn-
thesis. The concurrent appearance of two reviews [13, 14] in the year 1982, upholds
the bursting profile of these novel Cr(VI) reagents developed within a short span of
about seven years. One of these reviews [14] is exclusively devoted to pyridinium
chlorochromate and it emphasizes the growing utility of this reagent. During the last
one and half decades of the twentieth century, more than thirty new Cr(VI) reagents
have been introduced and varied claims made about their utility. An overall per-
ception of this fast developing family of oxidants has, therefore, become more
essential now. The information on this diverging class of reagents is as scattered as it
is rapidly growing and the situation calls for a systematic examination of the
published literature. This book attempts a comprehensive and classified compilation
of the data that have been accumulated in the last three decades.
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Chapter 2
Reagent Classification

Abstract The physical characteristics such as the appearance, colour, solubility,
melting point, boiling point, of as many as twenty six halochromates besides
certain inorganic chromates, dichromates and chromic anhydride are described in
this chapter. The laboratory methods for preparing each of these reagents are also
discussed.

Keywords Chromate �Halochromates �Alkylammonium chromates �Heterocyclic
chromates � Oxidation � Oxidising agent � Chromium oxide

2.1 Dichromates and Chromates

The unique position enjoyed by the acid dichromate and chromic anhydride, at
least for a century, as the only good available form of Cr(VI) oxidants is being
challenged by the arrival of a host of new complex Cr(VI) reagents from the later
half of 1970s. A classified account of such newly emerging reagents on the arena
of organic synthesis, their preparative methods and the available physical char-
acteristics are discussed below.

2.1.1 Inorganic dichromates and chromates

The oldest and the most exhaustively evaluated reagent of this category is the acid
dichromate which can be easily prepared by dissolving potassium dichromate
crystals in concentrated sulphuric acid. Some modified non-aqueous versions of
this reagent have also been reported [1]. One of them is prepared in situ by
dissolving solid K2Cr2O7 in DMSO at 50 �C. This solution is stable at room
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temperature but darkens on standing without losing its oxidizing power. The other
reagent is prepared in a similar way by dissolving solid K2Cr2O7 in polyethyl-
eneglycol-400 (PEG 400) at 50 �C and can be stored at room temperature. Both
these reagents have been claimed to be suitable for selective oxidation of allylic
and benzylic hydroxyl groups. Also, several solid-supported potassium dichromate
reagents have been prepared [2] by deposition of K2Cr2O7 on inert solids such as
AlPO4, BPO4 and AlPO4-BPO4 and their efficiency has been evaluated in the
oxidation of cholesterol. Another reagent of this class, chromium peroxidichro-
mate has been well known for its good oxidizing potency [3]. Recent reports reveal
that barium and lead chromates are also promising oxidizing systems. It is inter-
esting to note that an aqueous suspension of BaCrO4 is one million times more
effective [4] an oxidant for hydrazine compared to the corresponding homoge-
neous reaction. Sarawadekar et al. [5] have reported on the utility of Ta/PbCrO4

system as an effective oxidant for metallic fuels in pyrotechnic studies.

2.1.2 Alkylammonium dichromates and chromates

These reagents are generally prepared by mixing an aqueous solution of K2Cr2O7

or CrO3 with the corresponding alkylammonium halide. Tetra-n-butylammonium
chromate prepared by this method, is a good oxidant for primary and secondary
alcohols under non-aqueous and phase tansfer conditions [6]. The corresponding
dichromate analogue, bis-tetrabutylammonium dichromate, which is an efficient
converter of allylic and benzylic alcohols to the respective aldehydes, may be
obtained [7] by mixing a concentrated aqueous solution of K2Cr2O7 with twice its
molar equivalents of a saturated aqueous tetrabutylammonium bromide solution.
Another reagent of this class, bis(benzyltriethylammonium) dichromate has been
reported [8] to be a good neutral oxidant for keto alcohols and benzyl halides.

2.1.3 Heterocyclic dichromates and chromates

A wide variety of oxidizing agents of this group with different heterocyclic counter
ions have been reported in literature. Each of these has its own merits and demerits
and will be discussed in detail below.

(a) Pyridinium dichromate (PDC)
Though this compound has been documented [9–11] for over five decades, a

detailed method of preparation, characteristics and utility of this reagent came to
be known [12] only in 1979. It was prepared by slow addition of pyridine to a
solution of CrO3 maintained at 30 �C. After the addition is completed, the solution
was diluted with acetone and cooled to -20 �C when the orange crystals of PDC
appear. It was filtered and dried in air. Alternatively, it can also be prepared [11]
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in situ from ammonium dichromate or an alkali metal dichromate and pyridine
hydrochloride. The infrared spectrum of PDC shows the bands characteristic of the
dichromate ion at 930, 875, 765 and 730 cm-1. It is sparingly soluble in dichlo-
romethane, acetone and ethanol-free chloroform and not at all soluble in hexane,
toluene, ether and ethylacetate. It should be noted that though PDC dissolves in
acetonitrile, the solution is not stable. PDC, besides being a good oxidant for
simple alcohols, has also been found useful in the oxidation of x-alkynylalcohols
to x-alkynylaldehydes or ketones [13] and 3,3-disubstituted 1,4-cyclohexadienes
to 2,5-cyclohaxadien-1-ones [14].
(b) Polyvinylpyridinium dichromate (PVPDC)

This polymer supported non-acidic reagent can be easily prepared by stirring
chromic anhydride into an aqueous suspension of the cross-linked poly(vinyl-
pyridine) resin [15]. It is a recyclable polymeric oxidant which performs very well
if used without drying. The presence of water seems to be essential for its func-
tioning, since the dry reagent has a very poor oxidizing capacity. The role of water
molecules is to help enhancing the surface area by imbibition. However, a
brownish yellow powder form of the reagent could be obtained for storage pur-
poses by drying the wet reagent in vacuo at 50 �C and its activity could be
enhanced by soaking it in water prior to use.
(c) Nicotinium dichromate (NDC)

This reagent, also known as 3-carboxypyridinium dichromate, reported [16] in
1986 may be prepared by the slow addition of chromium trioxide to an aqueous
solution of 3-carboxypyridine in 1:2 proportions at ice cold conditions. It is a
stable, non-hygroscopic and non-photosensitive reagent. It is claimed that this is a
good oxidant for both primary and secondary alcohols in binary solvent systems
like benzene-pyridine at reflux. 3-Carboxypyridinium dichromate(3-PDC), has
also been named as nicotinium dichromate which is misleading [17]; however, it
has been rectified in a subsequent report [18].
(d) Quinolinium dichromate (QDC)

QDC is formed as a stable orange solid when an aqueous solution of CrO3 was
added to quinoline at ice cold conditions [19]. It is a mild oxidant and converts
primary alcohols exclusively to aldehydes in moderate yields even at room tem-
perature. QDC is sparingly soluble in methylene chloride and chloroform and
insoluble in ether, ethylacetate, heptane and toluene. However, it is soluble in
polar solvents such as water, DMF and DMSO. Sundar et al. [20] have studied the
structural aspects of QDC and have reported that it crystallizes in the monoclinic
space group p21/c, with the unit cell made up of 8 cations and 4 anions.
(e) Tetrakis(pyridine)silver dichromate (TPSDC)

This orange yellow solid could be obtained by mixing a warm aqueous solution
of potassium dichromate with a solution of silver nitrate and pyridine [21]. It is
reported to be non-photosensitive. It is sparingly soluble in benzene. It must be
emphasized here that of all the reported reagents of this family, this is the only
oxidant which decomposes in methylene chloride and chloroform.
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(f) Imidazolium dichromate (IDC)
Kim and Lhim [22] have reported the synthesis of imidazolium dichromate from

imidazole and chromium trioxide. Besides oxidizing alcohols, IDC is also very useful
for the deoximation of aldoximes and ketoximes and for converting phenylhydrazones
and semicarbazones to the corresponding carbonyl compounds [23].
(g) Benzimidazolium dichromate (BIDC)

When benzimdazole was made to react with chromium trioxide either in water
[24] or in acetic acid medium [25], BIDC was obtained. This reagent selectively
oxidizes benzylic and allylic alcohols to carbonyl compounds on exposure to
microwaves [26].

In addition to those mentioned above, a group of pyridine based oxidants of this
class, viz: pyridinium oxychromate, pyridinium oxydichromate and pyridinium
sulphodichromate has been reported by Brunelet Thierry et al. [27]. These reagents
have been prepared from the appropriate oxide or sulphide compound by treating
with CrO3. The first two among them efficiently convert thiols to disulphides.

2.2 Halochromates

The normal oxidations with dichromates are usually carried out in strongly acidic
media. Such severe reaction conditions make it difficult to control the whole
process or to isolate the intermediate products. Thus the uncontrollable oxidation
or the fragmentation of the products in some cases results in lesser yield of the
expected compound. Hence the necessity of oxidizing agents with good efficiency
and high selectivity under mild reaction conditions was felt for a long time. The
chlorochromate anion was a candidate of choice to suit these requirements.
Though the report [28] on the existence of chlorochromate anion dates back to
1833, only in 1952 it was shown [29] that this anion oxidized alcohols less
vigorously than the dichromate. Very soon several substituted halochromates
started emerging on the scene. All these reagents of the general formula
Q+CrO3X-, may be prepared from CrO3, the corresponding base (Q) and the
respective hydrohalic acid(HX). A brief account of their preparative methods and
characteristics are considered here.

2.2.1 Fluorochromates

(a) Pyridinium fluorochromate (PFC)
Two different methods are available for the preparation of this reagent whose

molecular formula is C5H5NH+CrO3F-. It can be obtained [30] by treating a
solution of chromium trioxide in HF with pyridine at ice-cold temperature.
Alternatively, it can also be prepared by reacting chromium trioxide with NH4HF2

in pyridine [31]. The x-ray diffraction studies on PFC crystals reveal that it has
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orthorhombic lattice made up of discrete C5H5NH+ cations and CrO3F- anions.
PFC is less acidic than PCC and hence selectively oxidizes secondary hydroxyl
groups in the presence of primary hydroxyl groups [32].
(b) Quinolinium fluorochromate (QFC)

This reagent can be synthesized [33, 34] by treating equimolar solutions of
quinoline and 40% aqueous HF with a slight excess (1.5 molar) solution of CrO3.
It is quite stable and less acidic than PCC. It is water soluble and also soluble in
polar organic solvents. However, it has a very limited solubility in less polar
solvents like ether and benzene. QFC is quite suitable for the conversion of
alcohols to aldehydes, without further oxidation or any other side reaction. Besides
alcohols, thioureas, thioamides, thionoesters and hydrazones are also oxidized by
QFC with equal ease [35, 36].
(c) 2,6-Dicarboxypyridinium fluorochromate (DCPFC)

This reagent could be prepared by reacting 2,6-pyridinedicarboxylic acid with
chromium trioxide in HF. DCPFC has been shown to be a preferred reagent for the
oxidation of alcohols, phenols, hydroquinones [37] and for the oxidative depro-
tection of oximes, phenylhydrazones, semicarbazones [38] and trimethylsilyl
ethers [39].
(d) Benzimidazolium fluorochromate (BIFC)

BIFC could be prepared by treating an equimolar mixture of benzimidazole and
chromium oxide with a slight excess of 40% hydrofluoric acid [40]. It is less acidic
than PCC—the pH of its 0.01 M aqueous solution being 3.68. It is a good
oxidizing agent for any kind of alcohol.

In addition to the above described compounds, many other fluoro chromates
have been reported in literature [41, 42] including bipyridinium fluorochro-
mate(BPFC), trimethylammonium fluorochromate [43], tetramethyl ammonium
fluorochromate [44], triethylammonium fluoro chromate [45], tripropyl ammo-
nium fluorochromate [46], N-methyl benzyl ammonium fluorochromate [47] and
4-N,N-dimethylaminopyridinium fluorochromate (DMAPFC). In general, these
reagents could be prepared by slowly mixing equal quantities of CrO3 and the
respective base in a polythene beaker containing 40% HF. In QFC preparation a
slight excess (1.5 mol) of CrO3 is required. Extra care should be exercised in the
preparation of DMAPFC to keep the reaction temperature below 5 �C since at
higher temperature a vigorous reaction sets in. The aqueous solution of PFC is
acidic in nature (pH of 0.01 M solution is 2.45) and has a fairly good conductance
(Molar conductance of 0.001 M solution at 25 �C is 128 mho cm2 mol-1).
Compared with PFC, QFC is less acidic and more soluble in organic solvents.

2.2.2 Chlorochromates

The chlorochromates are the first reported and well characterized reagents among
the halochromates. Following the first announcement of pyridinium chlorochro-
mate by Corey [48] in 1975, a dozen of these compounds with counter ions of
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widely varying shape and structure have been synthesised by different groups of
workers and their synthetic and/or kinetic utility investigated. In general, these
reagents can be easily prepared by stirring a mixture of CrO3 and HCl with the
base corresponding to the desired counter ion.

(a) Pyridinium chlorochromate (PCC)
This is a stable, non-hygroscopic orange yellow solid. PCC can be prepared

by the slow addition of pyridine to an equimolar mixture of CrO3 and HCl at
0 �C. The pH of an aqueous solution of 0.01 M PCC is 1.75 and thus it is more
acidic in nature than PFC. Due to this acidic character of PCC, it might
be necessary to buffer the reaction mixture with sodium acetate if any acid labile
function in the substrate is to be preserved during the course of the reaction.
PCC usually does not affect the simple olefinic bonds and in just 1.5 molar
equivalents, it converts primary alcohols exclusively to the respective aldehydes
with great efficiency.
(b) 2,2-Bipyridinium chlorochromate (BPCC)

BPCC was first reported [49] by Guziec and Luzzio in 1980. They prepared this
reagent by treating 2,20-bipyridine with chromium trioxide in concentrated HCl.
This reagent when preserved over anhydrous CaCl2 and protected from light,
retains its efficiency even after storage for three months. Unlike PCC, the internal
buffering capacity of the 2,20-bipyridyl system makes it useful even for acid
sensitive substrates. Also, when BPCC is used the chromium byproducts associ-
ated with the reactions can be easily removed by filtration through Celite.
(c) 4-N,N-Dimethylaminopyridinium chlorochromate (DMAPCC)

This is a moderately light sensitive reagent and should be protected from light
during preparation and storage [50]. DMAPCC is a highly selective oxidant for
allylic and benzylic alcohols and the work up is also relatively simple. It is also a
mild oxidant suggesting that the introduction of the dimethylamine group increases
the basicity of the counter ion and hence reduces the oxidizing power of the anion.
The reagent is moderately acidic and in some instances effects the isomerisation of
the initially formed Z-unsaturated aldehydes to the corresponding E-isomers. It
exchanges with pyridyl carbinol releasing 4-(dimethylamino)pyridine.
(d) Pyrazinium chlorochromate (PzCC)

The non-hygroscopic fine orange needles of this material have a shelf life
exceeding three months when stored in dark [51]. It readily exchanges with
pyridine forming PCC and free pyrazine. It is insoluble in less polar solvents like
methylenechloride, carbon tetrachloride and acetic anhydride. Its oxidizing
capacity towards alcohols is relatively low compared to that of PCC.
(e) Naphthyridinium chlorochromate (NCC)

This is a non-hygroscopic, stable orange coloured solid [52]. Its oxidizing
potency is far below that of PCC and PzCC. The reagent does not effect any
perceptible change on olefinic hydrocarbons such as cyclohexene or allylbenzene.
(f) Tetrabutylammouinm chlorochromate (TBACC)

This is a mild oxidant and can be prepared from CrO3, HCl and tetrabutyl-
ammonium hydrogensulphate [53]. It should be protected from light since it
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darkens within weeks; however, it does not lose its oxidizing power. At relatively
lower molar ratio (3:1) of oxidant to substrate it oxidizes benzylic and allylic
alcohols to completion while purely saturated alcohols are not appreciably affec-
ted. However, at higher ratio (6:1), saturated alcohols are also significantly
oxidized.
(g) Benzyltriethylammonium chlorochromate (BTACC)

This phase transfer catalytic oxidant is reported [54] to have been prepared in
three different ways. In one method, an aqueous solution of CrO3 was added in thin
stream to benzyltriethylammonium chloride in water kept at 15 �C. Stirring this
mixture for 1 h at 15 �C yielded an orange solid. In the second method, powdered
CrO3 was added in small portions to a well stirred solution of benzyltriethyl-
ammonium chloride in methylene chloride solvent. After stirring for an hour, the
solvent was removed under reduced pressure while a brown crystalline solid was
obtained. This solid material was recrystallised from aqueous acetone to get the
reagent identical in all respects to that from the first method. Yet another method
has been described for this reagent which proceeds through the formation of PCC.
The ultimate yield of the reagent prepared by this method is far greater (95%) than
those for the other two methods (73%). In the second method described above, the
initial product obtained by the addition of CrO3 to HCl has been incorrectly
assigned [55] a dichromate structure, (PhCH2N(C2H5)3)2Cr2O7. But later it has
been proved [54] to be the chlorochromate and not dichromate by quantitatively
precipitating the chloride ions from the reagent as AgCl and also preparing the
reagent independently from PCC. The melting point of the products obtained from
the three methods was in the range 86–90 �C and the products have been well
characterized by infra red spectral data. BTACC has been reported to be a good
oxidant not only for alcohols but also for aldehydes [56] and carboxylic acids [57].
(h) Guanidinium chlorochromate (GCC)

Though the selectivity of this reagent reported by Santaniello and co-workers
[53] is almost the same as that of TBACC, it contaminates the final products
because of side reactions and the work up is also difficult.
(i) Methylimidazolium chlorochromate (MICC)

MICC could be prepared [58] by the slow dropwise addition of concentrated
hydrochloric acid to an equimolar mixture of N-methylimidazole and chromium
trioxide with continuous stirring at 0 �C. This is an efficient oxidizing agent for
almost all kinds of alcohols [59]. It is also capable of effecting the oxidative
cleavage of oximes.
(j) Trimethylsilyl chlorochromate (TMSCC)

This is a prospective replacement for chromyl chloride in the Etard reaction since
it is capable of converting arylmethanes to aromatic aldehydes in good yields. The
reagent may be obtained [60] by treating trimethylsilyl chloride with CrO3.
(k) Quinolinium chlorochromate (QCC)

This is a quite stable yellowish brown solid, prepared by the treatment of
chromium trioxide in HCl with quinoline [61]. It is a mild and good selective
oxidant for primary alcohols. It can convert alcohols to carbonyl compounds with
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much better yields in relatively lesser reaction times compared to the conventional
methods. Singh et al. [62] has also shown that this is a good reagent for the
de-oximation reaction under microwave conditions.
(l) 3-Carboxypyridinium chlorochromate (3CPCC)

This reagent could be prepared by treating 3-carboxypyridine with chromium
trioxide in hydrochloric acid. This is a good oxidant under non-aqueous conditions
and can be used to convert oximes, phenylhydrozones and semicarbazones to the
corresponding carbonyl derivatives in organic solvents [63].
(m) 2,6-Dicarboxypyridinium chlorochromate (DCPCC)

DCPCC can be obtained [64] when pyridine-2,6-dicarboxylic acid is treated
with CrO3 in 6 N HCl. This reagent is soluble in polar solvents, slightly soluble in
dichloromethane and chloroform and completely insoluble in tetrachloromethane,
benzene and hexane. DCPCC is quite stable at room temperature and retains its
oxidation potency for a long period. It is less acidic than 3CPCC—the pH of the
0.01 M aqueous solution of the former is 2.3 while that of the latter is 2.02. This
reagent is known to selectively oxidize benzylic alcohols in the presence of other
primary and secondary hydroxyl groups [65].

In addition to the above described chlorochromates, c-picolinium chlorochro-
mate [66], 4-N,N-dimethylaminopyridinium chlorochromate [67], quinaldini-
um chlorochromate [68], N-methylpiperidinium chlorochromate [69], Prolinium
chlorochromate [70], Caffilium chlorochromate [71], and benzyltriethylammo-
nium chlorochromate [72] have also been reported to be good oxidants for
alcohols. Trimethylammonium chlorochromate has been suggested [73] to be
effective for the conversion of a, b-unsaturated alcohols to the corresponding
aldehydes.

2.2.3 Bromochromates

(a) Pyridinium bromochromate (PBC)
This reagent could be prepared as dark brown crystals from CrO3, pyridine and

47% HBr. It is less acidic (pH of 0.03 M aqueous solution of PBC is 3.35) than
PCC or PFC and its aqueous solution has a molar conductivity of 110 mho cm2

mol-1 at 30 �C. PBC functions as a good oxidant as well as a brominating agent
[74]. A detailed vibrational assignment of the IR spectrum of the PBC molecule
has also been published [75].
(b) Quinolinium bromochromate (QBC)

This oxidant was prepared [76] by a similar procedure as that of QCC with HBr
instead of HCl. QBC is a mild and selective oxidizing agent. It was also found to
be an effective brominating agent [77].

In addition to the above bromochromates, benzimidazolium bromochromate
[78] and triphenylphosphonium bromochromate [27] have also been reported to be
good oxidants.
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2.2.4 Chromic Anhydride

This is one of the earliest Cr(VI) reagents known in different forms such as
Fieser reagent (CrO3-acetic acid), Sarrett reagent (CrO3-pyridine), Conforth
reagent (CrO3-pyridine-water), Thiele reagent (CrO3-Ac2O-H2SO4) and Jone’s
reagent (CrO3-H2SO4) besides its other useful modifications in polar aprotic
solvents like DMF, DMSO and HMPT, which have almost replaced the tradi-
tional acidic media in organic synthesis for their specific advantages. The utility
of these reagents, mainly in organic synthesis, has been well documented in
earlier reviews [79, 80]. CrO3 oxidises, besides simple alcohols, C–H bonds
present in enolethers [81], epoxides [82], and hydrocarbons [83] to corre-
sponding carbonyl compounds.

In spite of the availability of a wide variety of reagents based on CrO3, the
complicated final work up and the maintenance of a strict non-aqueous con-
dition required for some of them necessitated the search for new reagents
requiring milder reaction conditions. Following this, several CrO3-amine
complexes have come to light such as CrO3-3,5-dimethylpyrazole [84], CrO3-
benzotriazole [85] and CrO3-bipyridyl [49]. The CrO3-benzotriazole complex
was prepared in situ by dissolving benzotriazole in CH2Cl2 containing type 3A
molecular sieves and adding an equivalent quantity of CrO3 to this solution.
The advantage of using this reagent includes its mild nature, the convenience
of reaction at room temperature, the avoidance of special precautions to
maintain perfect anhydrous conditions and the augumented selectivity in
oxidation of steroidal allylic alcohols. The reddish brown crystalline 2,20-
bipyridine analogue [49] of Colin’s reagent was prepared from bipyridine in
CH2Cl2 and CrO3 over P2O5. The oxidizing efficiency of this adduct is rela-
tively lower than the corresponding chlorochromate complex (BPCC) and the
adduct is a milder reagent since it converts the alcohols exclusively to aldehyde
or ketone and no further oxidation to carboxylic acid occurred. Another similar
equimolar adduct of CrO3 with chlorotrimethyl silane has been reported by
Aizpurua et al. [86] to be a mild oxidant for mercaptans and oximes, but
unsuitable for allylic oxidation. Care must be exercised while using this reagent
since any distillation involving this reagent results in a violent explosion.
However, it can be safely handled in methylene chloride. In addition to the
application of CrO3 as a homogeneous oxidant, reports are also available of its
use in heterogeneous media with supports such as crown ethers [87] or
aluminium silicate [88] or Celite [89].

2.2.5 Miscellaneous

Apart from the aforementioned categories of Cr(VI) oxidants, a few more reagents
have been synthesized and evaluated for their individual performance. These
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include the well characterized chromyl chloride (CrO2Cl2) and chromyl acetate, in
addition to some Cr(IV) and Cr(V) complexes [90–99]. Chromyl Chloride has also
been shown [100] to be useful in the preparation of acetylinic chlorohydrins. Even
chromic acid esters of alcohols function as good oxidants. For example, t-butyl
chromate prepared by adding CrO3 in small portions to t-butanol (Caution: flash
fire would occur; to avoid this, the accumulation of CrO3 on the wall of the vessel
or on the stirrer should be avoided) at low temperature has been reported to be a
novel oxidant [98, 99, 101]. Bis(triphenyl silyl) chromate has been reported [102]
to be a new and good methylene oxidant for alkyl ferrocenes. A 1:4 molar adduct
of K2Cr2O7-chlorotrimethyl silane has been claimed [86] to be a mild and selective
oxidant for alcohols and oximes. Thierry et al. [27] have reported the synthesis of
triphenylphosphonium oxitrichromate in respectable yield by treating the appro-
priate oxide with CrO3. Later, a Cr(V) complex, oxo(salen)chromium(V) where
the ligand salen corresponds to N,N0-ethylenebis-salicylidene iminatotrifluoro-
methane sulphonate, has been claimed [103] to convert alkynes and ylides to the
respective carbonyl products. A Cr(IV) complex, oxochrome(IV) tetramethyl-
silylporphorin, has been shown [104] to be a good oxygen transfer agent.

In Table 2.1 are listed some of the available physical characteristics of all the
above chromium oxidants.
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Chapter 3
Synthetic Strategies

Abstract A critical comparative account of the special properties of the Cr(VI)
reagents are discussed in this chapter. These special properties include enhanced
potency towards the oxidation of not only alcohols but also other substrates
including oximes and aromatic hydrocarbons; their specific synthetic applications
for certain regioselective products and modified selective product distribution.
A unique and quite unexpected course of reactions such as the hydroxylation at a
tertiary carbon atom, observed with some of these reagents are also briefly discussed.

Keywords Synthesis � Regioselective synthesis � Alcohol � Conversion � Reagent
potency � Unusual product distribution � Molecular sieve

One has to make a judicious choice of the reagent and the reaction conditions so as
to maximize the yield of the intended product. The most sophisticated organic
synthesis demands the reagent to possess some specific characteristics such as
selectivity, regiospecificity and mildness in reactions. These attributes for a
reagent may be ensured either by incorporating modification in its structure or
changing the counter ion or by adding some external auxiliary reagents to the
reaction medium. In the discussions that follow attention is focused on these
aspects of chromium(VI) reagents reported in the literature in the span of last two
and a half decades.

3.1 Controlled Conversions

The well established Cr(VI) reagent, viz:chromic acid, when used in the oxidation
of alcohols, leads to the formation of carboxylic acids and hardly can one arrest the
reaction mid-way. Besides, the poor solubility of potassium and sodium dichro-
mates in water precludes their use without sulphuric acid, therefore, these methods
are unsuitable for the oxidation of acid sensitive compounds. Several of the

S. Sundaram and P. S. Raghavan, Chromium-VI Reagents: Synthetic Applications,
SpringerBriefs in Molecular Science, DOI: 10.1007/978-3-642-20817-1_3,
� P. S. Raghavan 2011
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reported Cr(VI) reagents encountered in chapter offer various advantages and have
been profitably employed in several conversions such as alcohols, oximes, aryl-
methanes and alkylhalides to the respective carbonyl compounds, thiols to disul-
phides, amines to quinones and aldehydes to esters. Among the reactions reported,
a majority involves the conversion of alcohols to aldehydes and for this reason,
they are considered first. Benzyl alcohol, which has been chosen as a typical
substrate in many investigations, is oxidized efficiently by almost all the reagents
in good yield (Table 3.1). These new reagents offer the advantages of easy han-
dling and product separation.

The oxidations of alcohols, other than benzyl alcohol, by the Cr(VI) oxidants
are classified in Table 3.2. The reagents are so mild that in all cases a fairly good
yield of the respective aldehyde or ketone was obtained and the reaction did not
proceed to the carboxylic acid stage. Also, the quantity of oxidant required is low
in these oxidations.

Pyridinium chlorochromate has been found to be quite satisfactory for most of
the alcohols. However, its acid nature precludes its use for acid-sensitive sub-
strates. To circumvent this difficulty, several other organic bases have been tried as
counter ions in the place of pyridine. The outcome suggests that the enhanced
basicity of the aminic counter part of the potential chlorochromate lowers the
oxidizing power of the anion. Thus, for example, bis(tetrabutylammonium)
dichromate [27] and 4-N,N-dimethylaminopyridinium chlorochromate [28] turn
out to be neutral oxidizing agents. Bipyridinium chlorochromate can be used for
oxidations even in the presence of acid-sensitive groups due to its internal buf-
fering and mild character [7]. BPCC offers another advantage in that the excess
reagent and the by-product can be removed by a simple dilute acid wash.

Table 3.1 Oxidation of benzyl alcohol to benzaldehyde by Cr(VI) reagents

S.No Reagent Solvent Reaction conditiona % Yield Ref.

1 PBC CHCl3 Reflux; 1.2 eq. 3 h 78 [1]
2 TPSDC C6H6 Reflux; 2–4 h 80–90 [2]
3 Cl(CH3)3Si–CrO3 CH2Cl2 RT; 45 m 81 [3]
4 TBACC CHCl3 RT; 3 eq. 4 h 65 [4]
5 NCC CH2Cl2 1.8 h 50 [5, 6]
6 PzCC CH2Cl2 1.2 h 50 [5, 6]
7 PCC CH2Cl2 \0.1 h 50 [5, 6]
8 BPCC CH2Cl2 2 eq. 2.5 h 79 [7]
9 Bipy-CrO3 Ethylacetate 6 eq. 48 h 90 [7]
10 PFC CH2Cl2 1.25 eq. 45 m 90 [8]
11 PVPDC Cyclohexane 1.1 eq. 70 �C; 15 m 75 [9]
12 K2Cr2O7 DMSO 3 h 82 [10]
13 K2Cr2O7 PEG 400 4 h 86 [10]
14 QDC DMF 1.5 eq. 30 �C 44 [11]
15 QDC CH2Cl2 1 eq. 4 h 70 [11]
16 3-CPD CH2Cl2-Pyridine Reflux 70–90 [12]
a The amount of oxidant is given in equivalents relative to that of benzyl alcohol
RT room temperature
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Tetrabutylammonium chlorochromate oxidizes allylic and benzylic alcohols
completely when refluxed in CHCl3 with a three fold excess of oxidant, while
under the same conditions unactivated primary and secondary alcohols are almost
unaffected. However, they are incompletely oxidized (50 and 75% respectively)
when six equivalents of oxidant were used. The Cl(CH3)3–Si–CrO3 adduct is
another mild oxidant which cleaves benzaldoxime in modest yield while in the
same duration even PCC fails to do so [29] (Scheme 3.1).

This reagent, however, fails to effect any change in toluene and, in general, is
unsuitable for oxidizing hydrocarbons.

Naphthyridinium and pyrazinium chlorochromates are also good mild oxidants
that yield carbonyl compounds from alcohols, without further oxidation to acid [6].
These two reagents are, however, inferior to PCC in potency (entries 19–21,
25–27, and 50–52 in Table 3.2). PDC also performs a controlled conversion of
alcohols to carbonyl compounds without involving any further transformation;
also, PDC is so mild that it does not affect the acetal and thioacetal units present in
the substrate (entries 61 and 66 in Table 3.2). The corresponding nicotinium
analogue, nicotinium dichromate (NDC), possesses the characteristics akin to PDC
(entry 70 in Table 3.2). PFC has been shown to be efficient in the oxidation of
alcohols to aldehydes or ketones. It is claimed to be a good oxygen transfer agent
[30], and the final reduction product of the reaction has been shown to be a Cr(IV)
species with the formula, C5H5NHCrO2F.

Many of these reagents are good methylene oxidants (entries 6–18 in Table 3.3).
PFC seems to function more efficiently in polar solvents than in non-polar solvents,
since in all the conversions reported PFC gave better yields in acetic acid than in
dichloromethane. While anthraquinone and phenanthraquinone are obtained in
significant quantities from the oxidation of the respective hydrocarbons by PFC, the
response from naphthalene under similar conditions is very poor (only 25% quinine
was obtained). This might be due to the reduced methylene character of naphtha-
lene carbons relative to that in the former. QFC also readily oxidizes primary,
secondary and allylic alcohols to the corresponding carbonyls,benzoin to benzil,
and anthracene and phenanthracene to anthraquinone and 9,10-phenanthraquinone
respectively, in dichloromethane solvent. It also converts organic sulfides to

N

OH O

CrO3-Cl(CH3)3Si;   20 min; 72 %

PCC;      15 h;    56 %

Scheme 3.1
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sulfoxides at room temperature. In all its oxidations the final reduction product from
QFC has been ascertained to be C9H7NH(CrO3F), a Cr(IV) species.

In an effort to eliminate acid medium, the oxidation with dichromate has been
attempted by various workers in several dipolar aprotic solvents like DMSO,
HMPT, DMH and PEG. Switching over to such solvents confers a specificity on
the dichromate ion. Thus K2Cr2O7 in either DMSO or PEG-400 brings about a
specific oxidation of the allylic and benzylic alcohols; the saturated alcohols are
not at all affected. Similarly, K2Cr2O7 in HMPT or DMF is an excellent oxidant
for benzylic halides but with aliphatic and saturated halides most of the unreacted
substrate and partial oxidation product (alcohol) were recovered from the reaction
mixture (see Table 3.4). Bis (tetra-n-butylammonium) dichromate is also specific
for allylic and benzylic alcohols while unactivated alcohols resist attack by this
reagent [1].

Chromyl chloride has been well known [50, 51] since the discovery of Etard’s
reaction as one of the best reagents to yield aldehyde from substituted aromatic
hydrocarbons. Nalliah and Strickson have reported [52] that the Etard adducts of
aromatic primary amines with CrO2Cl2 in CCl4 or CHCl3 on hydrolysis result in the
formation of a mixture of azobenzenes, 1,4-benzoquinones, 1,4-benzoquinone anils
and aniline-1,4-benzoquinone. The composition of the mixture depends on the nature
of the reactant. However, the parent molecule, aniline, leads to an intractable
polymeric material. A subsequent report [53] characterises these products as 1:1(1)
or 1:2(2) stoichiometric adducts containing imino or diimino ligands with a giant
structure formed by chloro or hydroxyl bridges. These adducts are insoluble in non-
polar solvents while they react irreversibly with polar solvents.

The adducts 1 and 2 are coloured, the colour varying from deep brown to
greenish blue depending on the nature of the aromatic amine. The tracer studies
with O18 on these adducts showed that Cr(IV) is the central metal in them and that
the oxygen atom of the quinine anil and one of the oxygen atoms of quinine are
derived from water during hydrolysis.

Apart from their ability to convert alcohol to aldehyde or ketone, some
reagents function unusually in different environments. For example, PDC when
used in conjunction with methanol in DMF leads to a convenient one-step
conversion of an alcohol or aldehyde to the methyl ester at ambient conditions
(entries 33–35 in Table 3.3). A similar one-step conversion of alcohols to their

Table 3.4 Product
distribution in the oxidation
of alkylhalides with K2Cr2O7

in HMPTa

R–CH2–X Product percentage

R = X = R–CHO R–CH2–OH R–CH2–Xb

C6H4- Cl, I 100
n-Butyl Cl 18 80 2
Allyl Cl 10 70 20
Octyl Br 2 76 22
Octyl I 20 40 40
a Data collected from reference 217
b Unreacted substrate
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t-butyl ester is possible (entry 69, Table 3.2) by reacting the alcohol with four
equivalents of 2:1 CrO3-pyridine in 4:1 CH2Cl2-DMF at room temperature, in
presence of t-butanol and acetic anhydride. The reaction possibly proceeds via
the hemiacetal with t-butanol. That such an ester formation does not occur with
unreactive aldehydes like piperonal supports this suggestion. PBC plays a dual
role as an oxidizing and brominating agent. Its role as a brominating or an
oxidizing agent depends upon the nature of the substrate and the polarity of the
reaction medium. More specifically, for substrates with high electron density, it
is a brominating agent. Thus anisole, acetanilide, acetophenone and the hydro-
carbons anthracene and fluorene are reported to give the brominated product in
moderate to good yields (Table 3.5). The bromination is more facile in polar
solvent (acetic acid) than in less polar (chloroform) media. Grigor’ev et al. [54]
have compared the oxidizing potency of ammonium and alkali metal dichro-
mates in the iodination of aromatic compounds. Their results indicate that the
counter cation has an appreciable influence on the oxidizing ability of the
dichromate ion and it followed the order

Cr
+

ClCl
OH

OH OH

Cr

Cl
OH

Cl

NH

O

Cr
-

Cl

Cl OH

OH

Cr
+

Cl

OH

(1) (2)

N

NH

OH

Cr
-

OH
Cl

OH
Cr

-

Cl Cl

OH
Cl

Cr
+

ClCl
OH

OH OH

Cr

Cl
OH

Cl

Table 3.5 Bromination by pyridinium bromochromatea

Substrate Product Solvent Conditions % Yield

Anisole 4-bromoanisole Acetic acid 90–100 �C; 1 h 89
Anisole 4-bromoanisole Chloroform 90–100 �C; 3 h 63
Acetanilide 4-bromoacetanilide Acetic acid 90–100 �C; 0.5 h 87
Acetanilide 4-bromoacetanilide Chloroform 90–100 �C; 2 h 85
Acetophenone x-bromoacetophenone Acetic acid 90–100 �C; 4 h 40
Anthracene 9,10-dibromoanthracene Acetic acid 90–100 �C; 0.5 h 84
Fluorene 9-bromofluorene Acetic acid 90–100 �C; 3 h 73
a Data collected from reference 1
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K2Cr2O7\ Na2Cr2O7\ Li2Cr2O7\ NH4ð Þ2Cr2O7:

3.2 Regioselective Synthesis

The success of a newly discovered reagent as an acceptable or preferred synthetic
oxidant mainly relies on its efficacy to select a single target of attack among more
than one available sites. Regioselectivity is rather an imminent property expected
of a reagent in the synthetic design of natural products and products of biological
interest. Such selective and specific transformations are generally difficult to
accomplish, especially in high yields. For example, manganese dioxide is gener-
ally used to bring about the selective oxidation of allylic and benzylic alcohols
[55–57]. However, undesirable side reactions, abnormal reaction times and the
complications associated with the oxidation of hindered substrates have restricted
it from being popular. Dichlorodicyanoquinone (DDQ) and some chromate oxi-
dizing reagents [28, 58, 59] have also been reported to selectively oxidize benzylic
and allylic alcohols. But, these reactions also suffer from extended reaction times
and only moderate selectivity.

Consequent to the realization of the acidity of the Corey’s reagent (PCC) its
combination with different organic bases have been experimented within various
oxidations. Such a combination alleviates or minimizes the harmful acidic effect of
PCC and makes it suitable even for substrates containing acid-sensitive functions.
Organic bases such as pyridine [60], pyrazole [61, 62], 2.20-bipyridine, pyrazine,
pyridazine, 2,4,6-tri phenylpyridine, S-triazine [63] and benzotriazle [64] when
used in combination with PCC, confer regioselectivity. PCC, with any of these
amines at 2% level is a mild and selective oxidant for allylic and benzylic hydroxyl
groups. According to Parrish and Schroepfer [60], the selectivity of the reagent and
hence the reaction product vary depending upon the nature of the base employed
(Scheme 3.2).

The appropriate combination of the PCC-amine system not only reduces the
time involved in the conversions, driving the reactions to near completion at low
temperature(2–3 �C), but also is very specific in their attack (entries 8, 9, 15, 17
and 20 in Table 3.6). A similar selective affinity towards allylic [65] and benzylic
hydroxyl groups as against the complete failure in the attempted oxidation of
saturated alcohols has been reported for K2Cr2O7 in DMSO or PEG [10]. PCC has
also been recommended [66] for selective oxidation of hydroxyl group in the 3b
position of sterols in preference to that in the 3a position.

In the synthesis of butenolides and benzofuranones, PCC has been employed
[75] for the conversion of reactive methylene group to carbonyl group, the yields
being 35 and 85% respectively, for the two systems. A direct conversion of
aldehydes to carbamoyl azides [76], a regioselective conversion [77] of 1-methyl-
cyclooct-4-en-1-ol to 1-methyl-oxabicyclo [4.2.1] nonan-5-one, manufacture [78] of
a-chloroacetophenone from 2-chloro-1-phenyl ethanol and preparation [79] of
cyclopentanones from cyclo-pentadienes have also been successfully demonstrated
to be the synthetic utility of PCC.
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Roberto et al. [80] have reported that pyridinium dichromate containing 1–5
mmoles of iodine effects a stereospecific conversion of olefine to the corresponding
iodohydrin or epoxide depending upon the reaction conditions. They have attrib-
uted the regiospecificity of these reactions to the formation of an iodonium ion in
the first step, which might undergo a preferential nucleophilic attack by the
dichromate ion on the tertiary carbon atom rather than on the secondary one.

A similar regioselective a-iodohydrin formation with terminal and internal
olefinic esters effected by Ag2CrO4 and I2 in proper ratio has been reported more
recently [81]. Chromic anhydride has also been reported to yield stereospecific
products in an unusual solvent mixture (entry 12 in Table 3.6) and under phase
transfer conditions (entry 13 in Table 3.6).

3.3 Enhancement of Reagent Potency

The relatively more recent Cr(VI) reagents discussed earlier have been claimed to
be mild in potency and convenient to handle; but, at least, some would require a
prolonged period for achieving complete conversions. To reduce the duration of
such reactions and to improve the potency of the oxidant, the addition of a variety

R

OH

OHOH

R

O

OO

R

O

OHO

R

OHOH

O

PCC; NaOAc; CH2Cl2; 25oC

PCC; NaOAc; 2% Py;

CH2Cl2; 25oC

PCC; 2 % Py

CH2Cl2; 25oC

Scheme 3.2 Regioselective oxidation of 5a-cholest-8(14)-ene-3b, 7a, 15a-triol with PCC
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of auxiallary reagents in catalytic quantities has been experimented with. For
example, Corey and Schmidt have reported [16] that the addition of a small
quantity of pyridinium trifluoroacetate(PTFA) to PDC reduces the quantity of
oxidant required as also the reaction time. According to a later report [82],
anhydrous acetic acid is a better promoter than PTFA for the same reaction.
Further, a comparative study on the promoter efficiency of PTFA, anhydrous acetic
acid and some molecular sieves in the oxidation of carbohydrates by PDC has
revealed that a judicious combination of anhydrous acetic acid and 3A molecular
sieve could be dramatic in its action (Scheme 3.3). Benzhydrol was converted to
benzophenone in just two min in 91% yield when the combination of 100 lL

anhydrous acetic acid and 800 mg of freshly activated 3A molecular sieve was
employed as the promoter.

Herscovici et al. [64] have recommended such molecular sieves as good
potency improvers for PCC.

In the synthesis of some ketonucleosides, PCC by itself, surprisingly did not
work for the substrate 7-(3-bromo-3,4,6-trideoxy-L-erythrohex-3-eno pyranosyl)
theophylline (3) and the addition of molecular sieves to the reaction mixture led to

OOH

OMeOMe

O

OMe              OMe

OMeOMe

PTFA(0.5 mmol); 40°C; 3 Days

70% yield

anhyd.AcOH(50microL);40°C

2.5 h;   70% yield

3A sieve(800 mg); 20oC

36 h; incomplete reaction

anhyd.AcOH(100microL);3Asieve(800mg);

20oC; 10 min;  80% yield

Scheme 3.3 All reactions carried out with 1.5 equivalence of PDC in CH2Cl2

O
CH3

OH

Br

R

R= theophylline-7-yl

(3)
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the immediate precipitation of the reduced chromium species attended by the
formation of the desired product.

The potency of PCC is also significantly augmented when it is used in con-
junction with H2O2. Thus, the reagent system containing PCC with 30% H2O2

cleaved several ketoximes within 10 min at 0–10 �C with 60–85% yield while
PCC alone took 19–94 min depending upon the nature of the ketoximes [83]. It
has been suggested that the active deoximation species in this reagent system
could be the pyridinium oxodiperoxy chlorochromate(4) generated in situ from
PCC and H2O2.

N
+
H

Cr
–

O

Cl

O
+

O
–

O+O
–

(4)

The presence of fluoride ion has also been reported [84] to facilitate the
cleavage of Si–O bonds by Jone’sreagent. Thus the addition of KF to Jone’s
reagent enabled it to oxidize t-butyldimethylsilyl and trimethylsilyl ethers in 98%
yield just in 1 h at 0 �C in acetone to the respective ketones or carboxylic acids.
However, t-butyl diphenyl silyl ether resists oxidation under similar conditions.

In contrast to such augmentations of oxidation potency of Cr(VI) reagents by
auxiallary reagents, Corey et al. [85] have made an unusual observation that the
addition of the chromate ester of 2.4-dimethylpentane-2,4-diol(5) efficiently cat-
alysed the oxidation of secondary alcohols to ketones by peroxyacetic acid.

Cr

OO

OO

CH3

CH3

CH3

CH3

(5)

3.4 Unusual Product Distribution

It is interesting to learn that a sizeable percentage of certain reactions with these
reagents are diverted through an unusual path leading to the formation of other
novel, unexpected products. For example, when a-ionone was oxidized with
t-butyl chromate, about 22% of tertiary carbon–hydroxylated product was formed
besides the usual allylic oxidation [86]. On the other hand, when vasicine was
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subjected to reaction with PFC, the major product (45%) obtained involved
methylene oxidation, leaving the hydroxyl group intact and, the expected diketone
was not al all formed [87]. Paquette et al. [88] have observed an unprecedented
oxidative process in the reaction of seco-dodcahedrene (6). When 6 waas oxidized
by Na2Cr2O7 in acetic acid-acetic anhydride medium, an unusually regiospecific
reaction occurred and a C2-symmetric diepoxide was formed (7) while oxidation
of (6) with m-chloroperbenzoic acid (mcPBA) yielded the simple mono epoxide,
(8) (entry 4; Table 3.7).

O

O

O

mCPBA ;   CH2Cl2

Na2CrO4; HOAc; 

Ac2O; CH2Cl2

(6)

(7)

(8)

Similarly, when 1,3,5-cycloheptatriene (9) was treated with singlet oxygen
followed by the treatment with CrO3 in acetone, it yielded [89] 3-hydroxy tropone
(11) via the intermediate compound (10). Though the transformation of (10–11)

O

OH

O

O

O

OH

(9) (10)     (11)

Scheme 3.4 Conversion of 1,3,5-cycloheptatriene to 3-hydroxy tropone
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appears to be a dehydrogenation process, it might have been proceeded through a
normal alcohol oxidation followed by tautomerisation as depicted in Scheme 3.4.

Other interesting results of such unusual course of reactions are listed in
Table 3.7. The kinetic and mechanistic details of these reactions are yet to be
explored and may lead to interesting revelations.
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Chapter 4
Kinetic Aspects

Abstract In this chapter, the general kinetic characteristics such as the order,
activation parameters and isotopic effect on the rate of oxidation with some of the
Cr(VI) reagents and their mechanistic implications are discussed.

Keywords Kinetics � Oxidation � Activation parameters � Isotope effect �
Mechanism

4.1 General Aspects

Oxidations with Cr(VI) reagents are, generally, smooth and clean and proceed with
conveniently followable velocity at ambient temperatures. The syntheses involving
these oxidants have been carried out mostly in less polar solvents such as
dichloromethane and trichloromethane, though the majority of kinetic measure-
ments have been made only in polar solvents like aqueous acetic acid. However, a
peculiar solvent composition consisting of equimolar mixture of acetonitrile and
nitrobenzene has been employed [1, 2] in reactions with PFC and PCC. The
frequently encountered stoichiometric ratio in the oxidation of alcohols with
Cr(VI) reagents is 3:2. Usually, the order with respect to the substrate and oxidant
is each unity; though, deviations have been observed in some reactions
(Table 4.1). The oxidizing potency of dichromates with different inorganic counter
ions has been compared in a report [3] and found to be K2Cr2O7 \ Na2-

Cr2O7 \ Li2Cr2O7 \ (NH4)2Cr2O7. In the chromic acid oxidation of mercaptans,
surprisingly a fractional order dependence on oxidant has been reported [4].
Similarly, in the oxidation of glycolic acid by chromium peroxidichromate, a
‘pseudo zero order’ dependence on the concentration of substrate has been
reported [5]. The oxidation of lactic acid exhibits [6] a variable order dependence
on the substrate. Chromic acid oxidations are usually catalysed by mineral acids

S. Sundaram and P. S. Raghavan, Chromium-VI Reagents: Synthetic Applications,
SpringerBriefs in Molecular Science, DOI: 10.1007/978-3-642-20817-1_4,
� P. S. Raghavan 2011

47



and the order with respect to [H+] is very often either one or two. However, in some
exceptional cases a third or fourth order dependence have also been reported [7, 8].
Many other interesting observations including an inverse order dependence on the
Cr(VI) oxidant concentration in the oxidation of acetophenoxime [9], a shift of order
dependence on the substrate concentration for homologous substrates from second
order on oxalic acid and first order on malonic acid [10], co-oxidation of aliphatic
carboxylic acids [11–15], etc., have also been reported. Besides, routine kinetic
reports on many systems like glycols [16], thioglycols [17] and glycolic acid [18] by
dichromate and benzyl alcohols [19] by PFC have appeared in literature.

There had been very interesting arguments and counter arguments in the past,
on the nature of the transition state of the chromic acid oxidation of several
substrates, alcohols in particular, based on the results obtained from the application
of Hammett free energy relationship. However, only a limited number of reports
are available on the structure—activity relationship in reactions (Table 4.2)
involving novel Cr(VI) reagents. For all the substrates, only a negative value for

Table 4.1 Kinetic characteristics of oxidations by Cr(VI) reagents

S.No Substrate(S) Oxidant(Ox) Experimental conditions Order on
[S]:[Ox]

Ref

1 Glycolic acid Chromium
peroxydichromate

0:1 [5]

2 Formic acid Chromium
peroxydicromate

2:1 [20]

3 Ethanol; Benzyl alcohol;
Cyclohexanol

PFC Acetonitrile–
Nitrobenzene (1:1);
303 K

0:1 [1]

4 Benzhydrol PCC DMSO 1:1 [21]
5 L – Methionine Chromic acid HClO4:25 �C 1:1 [22]
6 Citric acid Chromic acid Acid medium [23]
7 Oxalic acid Chromic acid Acid medium [24]
8 Indigocarmine Chromic acid HClO4 1:1 [25]
9 D-Glucopyranose-

6-phosphate;
Chromic acid HClO4 1:1 [26]

10 CH3OH; CH2DOH Chromic acid HClO4 1:1 [7]
11 Acrylic acid Chromic acid HClO4–HNO3 [27]
12 Butanol Chromic acid HClO4 1:1 [28]
13 R-SH

(R = methyl, propyl)
Chromic acid Aqeous acetic acid 1:x

x \ 1
[4]

14 Lactic acid Chromic acid Aqueous medium Variable* [6]
15 HI Chromic acid Aqueous medium [29]
16 D-Glucose PFC 1:1 [30]
17 Phenylmethylsulphide PCC Acetonitrile–Nitro

benzene(1:1);
x:1
x \ 1

[2]

18 Phenylmethylsulphide PCC 60% aq. Acetic acid 1:1 [31]
19 DMSO Chromic acid Aqueous medium 1:1 [8]

* Order varies from 0 to 2 depending upon the concentration of the substrate
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the Hammett’s reaction constant rho (q) has been obtained indicating the electron
deficient nature of the transition state. The values for the q, in general, are all about
-1.0 to -2.2 in any protic or aprotic solvents (Table 4.2).

The activation parameters for the oxidation of a variety of substrates by
different Cr(VI) reagents have been evaluated by different group of research
workers [1, 7, 32, 34, 35]. The sign and the relative magnitude of these values
would help in deciding the nature and the topology of the transition state involved
in the reaction. However, it is seen that a vast majority of the values for the
activation energy, Ea fall in the range 50–60 kJ/mol and those of the free energy
(DG) converging to 92–94 kJ/mol. This apparent insensitivity of these activation
parameters to the change in the nature of substrate or oxidant may be due, at least
partially, to the aqueous acetic acid solvent system used in many of these cases. In
this solvent medium, since the reagent may potentially ionize before the attack, the
species generated from all the reagents may be identical.

4.2 Isotope Effects

The discovery of deuterium in 1932 and the in-depth knowledge about the zero
point stretching vibrations of C–H and C–D bonds added one more dimension–
isotope effects—to the kinetic study of reactions. Books and monographs are
available [36–38] providing a detailed picture of the fundamental basis of isotope
effects on organic reactions. The decrease in zero point stretching level that
accompanies deuteration can be readily determined for virtually any organic
compound since, the vibrational frequency mC–D occurs in the range 2100–
2300 cm-1 in the infra red, a region of the spectrum that is otherwise, generally,
transparent. The assumption that the stretching mode becomes a translational mode
in the transition state and that no other factor enters, leads to expected maximum
values of kH/kD in the range 6–7 at room temperature. Lower values of kH/kD have
usually been rationalized in terms of the transition state acquiring an unsymmetrical
stretching mode which reduces the zero point energy difference between reactants
and transition state [39–41] or in terms of the effects on bending modes. On the
other hand, higher kH/kD values are usually explained in terms of quantum
mechanical tunneling [42] although bending effects have also been considered.

Table 4.2 Hammett correlations in oxidations by Cr(VI) reagents

S.No Substrate Oxidant q Ref

1 Toluenes PFC -2.00 [32]
2 Phenylmethylsulphides PCC -2.12a [2]
3 Phenylmethylsulphides PCC -1.23b [2]
4 Arylalkylsulphides K2Cr2O7 -2.10 [33]
5 Diphenylsulphides K2Cr2O7 -1.80 [33]
a in protic solvent; b in aprotic solvent
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The maximum value of kH/kD is also attributed to a centrosymmetric transition state
[39, 43] and any deviation from the maximum value rationalized on the basis of a
reactant—like or a product-like transition state.

A scrutiny of the reported results on kinetic isotope effects (Table 4.3) is
interesting. The report on kH/kD values in naphthalene and xylene system is
puzzling, as the authors themselves [32, 34] claim that the reaction is almost
independent of the substrate concentration. Even granting a small fractional order
on substrate the acceptability of the directly determined kH/kD value is question-
able. It is also reported by other group of workers [7] that the oxidation of
methanol and its deutrated analogue, CH3OD, by chromic acid renders a value
of kH/kD = 1. It is not unexpected, since it is well known that in the oxidation of
alcohols that only a C–H bond breaks in the rate determining step of the reaction
and the intension of using the O–D compound is eluding.

A more detailed understanding of the nature and structure of the transition state
and hence its complete topological perspective can be had by studying the tem-
perature dependence of kinetic isotope effect (TDKIE) of a reaction [45]. The
TDKIE criterion as a tool to unravel the topology of transition state is based on the
Arrhenius relationship:

kH=kD ¼ AH=ADð Þ exp � DEa½ �HD=RT
� �

where AH and AD are the respective frequency factors and DEa½ �HD is the difference
between the activation energies of the protiated and deuterated compounds.

Depending upon the magnitude of the factors AH=AD and DEa½ �HD referred to as the
TDKIE parameters, the transition states involving hydrogen transfer can be clas-
sified into four types and the salient features are summarized in Table 4.4.

4.3 Mechanistic Implications

Mechanistic investigations on the oxidation of a variety of substrates including
carbohydrates [46, 47], carboxylic acids [20, 22, 48, 49], arylalkyl sulphides [33, 50],
hydrocarbons [28, 34], ethers [51, 52], phenols [53], sulphoxides [54, 55], oxamic
acid [56], mercaptans [4], acetals [57, 58], a-hydroxyacids [6, 57–61] and esters [62]
by different Cr(VI) oxidants are abundant in literature.

Table 4.3 Primary Kinetic Isotopic Effect (PKIE) Data

S.No Substrate Oxidant kH=kD Ref

1 Naphthalene/Naphthalene-d8 PFC 5.50 [34]
2 p-CH3C6H4CH3/p-CH3C6H4CD3 PFC 5.40 [32]
3 m-CH3C6H4CH3/p-CH3C6H4CD3 PFC 5.40 [32]
4 o-CH3C6H4CH3/p-CH3C6H4CD3 PFC 5.10 [31]
5 Ethanediol/Ethanediol-1,1,2,2-d4 PCC 6.75 [44]
6 CH3OH/CH3OD Chromic acid 1.00 [7]
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The generally accepted mechanism for the alcohol oxidation by chromic acid
envisaging the chromate ester formaton and its slow decomposition to products could
be extended to the oxidation by other chromium(VI) species as well (Scheme 4.1).

The rate determining step involving a C–H cleavage has been demonstrated
with experiments on kinetic isotope effects. The mode of hydrogen transfer (H+ or
H-) from carbon to oxygen has been disputed and kinetic parameters, particularly
the Hammett rho value or the catalysis by bases have been frequently quoted in
support of electron rich and electron deficient nature of the departing hydrogen
respectively [42, 63–65] (Scheme 4.2a, b).

Table 4.4 Classification of transition states based on their TDKIE parameters*

S.No Transition state category kH= kD DEa½ �HD [k cal] AH=AD

1 Linear H—transfer; Symmetrical Maximum
(6–8 at 25 �C)

¼ DEa½ �HD
1.15�

0.7–1.414

2 Linear H—transfer; Unsymmetrical \Maximum
(2–5 at 25 �C)

� DEa½ �HD
0.3–1�

0.7–1.414

3 Linear H—transfer; Tunnelling [Maximum
([ 9 at 25 �C)

� DEa½ �HD
1.5–6�

\0.2

4 Non-Linear H—transfer; Bent [2 0 2–6

* Data taken from Ref. [45]
� For C—H(D) bonds

R2CHOH  +  Q+CrO3X–  +  H+
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R2CHOCrO2X  + Q+  + H2O
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Besides a unimolecular decomposition of the ester by internal proton transfer
has also been suggested [66] (Scheme 4.3).

A hydrogen atom transfer has been proposed [32, 34] for the oxidation of
aromatic hydrocarbons by PFC (Scheme 4.4).

It is interesting to note that though these reactions (Scheme 4.4), fail to induce
polymerization of acrylonitrile, a radical formation is suggested and it is believed
that the initially formed radical reacts instantaneously with Cr(V) species leading
to the carbonium ion. The carbonium ion character in the transition state is sub-
stantiated by a large negative reaction constant.
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Surprisingly, Cr(VI) fails to oxidize Tl(I) in presence of either H2SO4 or HClO4

but the reaction is facile when HCl is used [67, 68]. This differential behavior in
the presence of acids has been ascribed to the chlorochromate formed in situ being
the active oxidant rather than the mere Cr(VI) species in the reaction.

On the contrary, a similar in situ generation of chlorochromate species has been
invoked to account for the rate reduction by the added NaCl in the oxidation of
acetals by chromic acid [58]. The mechanistic details of oxidation of several
substrates with Cr(VI) oxidants other than the simple dichromate have been
reported in literature [1, 32, 44, 50]. However, the real impact of these modifi-
cations on the rate has evaded detection because the acidic nature of the chosen
solvent medium often swamps other discriminating factors. Ruthenium (IV) cat-
alysed oxidations of alkylbenzenes [69] by Cr(VI) and oxidationsby CrO3 sup-
ported on Celite or florosil, of nitrosoamines and nitrosoureas have been
documented [70]. Cr(VI) complexes have also been used on support and in
solution for oxidation of inorganic hydrides [71]. Oxidations at liquid–liquid [72]
and liquid–air [73] interfaces of aldehydes and alcohols respectively by chromic
acid constitute a new branch of development. The rate of oxidation at the liquid–
liquid interface is higher than that in bulk and the liquid–air interfacial oxidation
studies uphold the C–H bond breaking in the rate determining step.
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Chapter 5
Solid Supported Cr(VI) Reagents

Abstract The discussion in the previous chapters were mainly restricted to the
applications of Cr(VI) reagents in homogeneous media. However, some of the
Cr(VI) reagents have also been found to exhibit much desired reaction character-
istics such as enhanced yield of the product, reduced reaction time, easy handling,
simple method of separating the reaction product with higher purity, etc., when
these reagents are anchored on to a suitable solid support. This chapter is intended
to give a brief idea of the general merits and demerits of solid supported reagents
and in particular, the preparation of certain solid-supported Cr(VI) reagents and
their applications as oxidants in heterogeneous conditions are discussed.

Keywords Solid support � Cr(VI) reagent � Polymer support � Immobilised
oxidant � Oxidation

The reagents considered earlier are all very useful Cr(VI) oxidizing agents mostly
employed in homogeneous solution phase. Consequently, the isolation of the
products becomes laborious and might involve multi step processes. These diffi-
culties could be overcome to an extent by employing oxidizing agents anchored
onto a solid support. Several such solid supported chromium (VI) oxidants have
been developed and their oxidizing potential evaluated. Such solid supported
reagents have been reported to modify the activity of the reagent, improve the
selectivity, and of course, make product isolation much easier. In many reactions,
the performance of solid supported Cr(VI) reagents have been found to be superior
to the non-supported reagent. The main advantages of these solid supported
reagents include the following:

1. They can be easily removed from reactions by filtration.
2. Excess reagents can be used to drive reactions to completion without intro-

ducing difficulties in purification.
3. Recycling of recovered reagents is economical and hence environmentally-

friendly and efficient.
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4. Usually, reagents on solid-support react differently, mostly more selectively,
than their unbound counterparts.

However, there are some issues as listed below, which may restrain the choice
of solid-supported reagents for certain specific reactions.

1. Some reagents may not interact well with the solid support.
2. Reactions on solid support may be slow due to diffusional constraints.
3. Polymeric support materials can be very expensive to prepare.
4. Stability of the support material can be poor under harsher reaction conditions.

The preparation and the applications of some of the solid supported Cr(VI)
reagents are discussed in this section.

5.1 Cr(VI) Reagents Supported on Alumina

CrO3 is a mild but efficient and inexpensive reagent. However, when it is used as
an oxidant in acid medium for alcohols, often, it forms carboxylic acid and some
times leaves tarry materials. When it is loaded on alumina and employed in
reactions, generally reactions are very clean and it converts alcohols to aldehydes
without any further oxidation to carboxylic acids and also no tar is formed. The
deprotection of trimethylsilyl and tetramethylpyranyl ethers by CrO3-supported on
alumina has been reported [1] to be quick and efficient with the reaction times
ranging from 30 min to 3 h and the product yield 72–90%, depending on the
nature of the ether. The reagent is prepared by thoroughly mixing finely powdered
chromium oxide with wet alumina powder and the ethers taken in dichloromethane
solvent being run over the bed of this reagent. A little wet condition of the reagent
is required for the reaction as the reaction does not proceed with dry reagent.
Quinolinium fluorochromate supported on alumina has been found to be highly
stable and selective. It was also reported to be effective reagent for the oxidation of
alcohols and oxidative deoximation of aldoximes and ketoximes [2, 3].

The acidic nature of PCC could be reduced by adsorbing it onto alumina.
When primary alcohols are oxidized with alumina supported PCC under solvent-
free conditions, the substrate is directly converted to the corresponding alkyl
alkanoate [4]. On the other hand, the reaction under similar conditions with
benzylic primary alcohols and allylic alcohols resulted in the formation of the
conventional aldehydes as products and secondary aliphatic and aromatic alco-
hols yielded ketones.

With molecules containing both the aliphatic and aromatic hydroxyl groups, a
cyclic product is also obtained besides the alkyl alkanoate. In general, the alumina
supported PCC is preferred as it does not induce any isomerisation of the ketonic
products formed or polymerization of the double bonds present in the substrates;
also, no side reactions and/or over oxidation to carboxylic acids occur.
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3-Carboxypyridinium chlorochromate (3CPCC) supported on alumina has been
shown to be a good oxidant for primary and secondary alcohols. The efficiency of
this oxidant manifolds when the reactions are conducted under microwave irra-
diaton [5].

5.2 Cr(VI) Reagents Supported on Silica Gel

Jone’s reagent supported on silica gel can be very easily prepared by slow addition
of about 1.5 mL (12 mmol) of Jone’s reagent to a vigorously stirred dry silica gel
(5 g) sample. The stirring should be continued for about five minutes after the
addition is completed, when a free flowing orange powder of the required reagent
is obtained. The advantages of this reagent is that the activation of the reagent
prior to use is not required and that the amount of chromium(VI) oxidant present
on the silica gel is precisely known. This reagent has been shown [6, 7] to almost
quantitatively (98–99%) oxidize benzyl alcohol and substituted benzyl alcohols to
the corresponding aldehydes.

R�C6H4�CH2�OH! R�C6H4�CHO

where R=2–CH3, 2–Cl, 4–CH3, 4–Cl, 4–NO2; It is also used efficiently in the
transformation of secondary alcohols to ketones, oxidative regeneration of car-
bonyl compounds from oximes, oxidation of aldehydes to carboxylic acids, oxi-
dation of hydroquinones to quinines and sulfides to sulfones.

Cr(VI) ions adsorbed on certain binary oxide systems such as silica-ziconia
have also been developed. Lucia et al. [8] prepared one such system by using ZrO2

coated on the surface of silica gel to absorb Cr(VI) ions from acidic solutions. This
oxidant material, in conjuction with t-butylhydroperoxide proved to be very useful
for allylic oxidations. The reactions are also very clean and are highly
regioselective.

Quinolinium fluorochromate [9] supported on silica gel is so selective that it
facilititates the oxidation of axial hydroxyl rather than the one at the equatorial
position of a cyclohexane ring. For example, when the cis and the trans isomers of
t-butyl cyclohexanols were independently subjected to oxidation by QFC on silica
gel, the axial hydroxyl group of the cis-isomer was oxidized in 2 h with 92% yield
while the equatorial hydroxyl group of the trans-isomer yielded 63% product in
4.5 h [10]. (Scheme 5.1).

O

OH

OH

But But
But

2 h; 92% 4.5 h; 63%

Scheme 5.1
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PCC adsorbed onto silica gel has been reported to be a better oxidant than the
simple reagent in solution for the oxidation of organic compounds [11]. This reagent
is so efficient that it oxidizes aromatic and cinnamylic aldehydes to the corre-
sponding acids under solvent-free conditions while these reaction do not occur at all
with just PCC in solution! [12]. A remarkable increase in the product yield could be
obtained in the oxidation of primary and secondary alcohols when PCC adsorbed
onto silica gel is employed as an oxidant under ultrasound conditions [13].

5.3 Polymer Supported Cr(VI) Reagents

Polymer supported reagents are beneficial in terms of their simplicity in operation,
filterability and regenerability. Besides, the polymer matrix also provides selec-
tivity in a reaction due to the steric constraints imposed by the macromolecular
matrix or certain specific microenvironmental effects. Many such polymer sup-
ported Cr(VI) reagents including divinylbenzene, ethyleneglycoldimethacrylate
and NN0-methylene bis-acrylamide cross-linked poly(methylmethacrylate)-
supported pyrazolium chromate, chlorochromate and pyrazole-CrO3 complex
resins have been reported [14]. These resins have been shown to selectively oxi-
dize primary alcohols to aldehydes and secondary alcohols to ketones.

A very similar divinylbenzene and ethyleneglycol dimethyl acrylate (EGDMA)
cross-linked polystyrenes have also been functionalized to generate pyrazolinium
chromate, chlorochromate and pyrazole-CrO3 complex [15]. The EGDMA cross-
linked polystyrene supported reagents have been found to show higher reactivity in
terms of functional group capacity and product yield. Cr(VI) reagents supported on
certain graft copolymers of polypropylene and polyfluoro ethylene with 4-vinyl-
pyridine and also of polyacrylonitrile with 2-methyl-5-vinyl pyridine have also
been reported [16]. More information on the synthesis and aplications of different
varieties of slid supported reagents in organic reactions could be obtained from the
recent review [17] by Solinas Antonio and Taddei Aurizio.
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Chapter 6
Chromium in Biology

Abstract Chromium, though in its native state as a metal is inert biologically it has
certain biological role in its other forms. Cr(III), specifically in complexed form with
certain ligands has been reported to be an essential trace nutrient. For example,
Cr(III) in the form of a complex called the glucose tolerance factor (GTF) is believed
to enhance the peripheral actions of insulin. On the other hand, Cr(VI) species have
been shown to be toxic and mutagenic. However, there are different and sometimes
contradictory views are projected in literature by various authors about the role of
chromium species in biosystems. The facts are presented in this chapter for the self
assessment of the researchers in this aspect of chromium.

Keywords Chromium � Trace element � Carcinogen � Glucose metabolism �
Diabetes � Insulin � Oligopeptide

Chromium is an essential trace nutrient and its biological activity depends on its
valence state. Though chromium exhibits oxidation states from 0 to +6, only +3
and +6 states are stable in simple solids. Metallic chromium (valence zero, Cr-0) is
inert. Of the other two stable forms, viz: Cr(III) and Cr(VI), chromium-(III) has
been claimed to have some therapeutic value. It is said to be involved in the lipid
and sugar metabolism. Bio-available Cr-III salts are found in many foodstuffs,
especially liver, American cheese, brewer’s yeast, wheat germ, meat, fish, fruits
and whole grains. Some vegetables such as carrots, potatoes, and spinach are also
good sources, as are alfalfa, brown sugar, molasses, and animal fats [1]. The
bioavailability of Cr(III) is higher, especially in complexed form and the chro-
mium picolinate complex is used as a nutritional supplement.

Chromium (VI) is a known toxic and mutagenic substance, while chromium
(IV) is known for its carcinogenic properties. Chromate salts have also been found
to induce allergic reactions in some individuals. Due to these health and envi-
ronmental issues, restrictions have been imposed on the use of certain chromium
compounds in many countries. The carcinogenic action of Cr(VI) is due to its
intracellular reduction to Cr(III) [2, 3], and no carcinogenic activity has been
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ascribed to ingested Cr(III) [4]. However, Cr(III) has not been adequately evalu-
ated in this regard, perhaps because of its limited ability to cross cell membranes.

The ability of Intranuclear penetration and crossing the cell membrane of
Cr(VI) being generally higher it is considered to be definitely mutagenic.
However, the usefulness of Cr-III as a long-term nutritional supplement is still
debatable due to its possible genotoxic effects [5–7] Norseth [8] expressed the
view that all forms of chromium, including Cr(III), should be considered
human carcinogens, although this view has been challenged by some authors
[9, 10].

Chromium (III) salts have been claimed to have some beneficial effects for
patients with diabetic or cardiovascular problems. In combination with nicotinic
acid and certain amino acids, Cr-III forms a complex called glucose tolerance
factor (GTF) [11, 12]. Although the structure of glucose tolerance factor has not
been elucidated, it is known to enhance the peripheral actions of insulin, leading to
the concept that people with diabetes might benefit from Cr-III supplementation
[13, 14]. Those with heart disease or lipoprotein abnormalities might also require
Cr-III supplements, in light of reports of beneficial effects on lipid metabolism
[4, 14], provided long-term safety concerns can be resolved.

Ingested chromium is poorly absorbed, (e.g., about 1% of Cr-III and 10% of
Cr-VI) [15]. When complexed to other ligands such as nicotinic acid and amino
acids in glucose tolerance factor, Cr-III is 25-fold more readily absorbed; Lim
et al.[16] used the tracer technique using intravenous 51Cr to study the in vivo
kinetics of injested Cr(III) species and from the results concluded that it circu-
lates largely, bound to transferrin in the blood. Cr(III) is not stored in the liver,
spleen, fat, and bone, and more than two thirds of the absorbed ingested dose is
rapidly excreted in the urine and bile. Besides, plasma clearance occurs within
8–12 h, and the tissue elimination has a half-life of several days. The normal
concentration of Cr(III) in whole blood is 380–580 nmol/L. Most is contained
[17] in erythrocytes, plasma levels being only 1.9–5.8 nmol/L. Serum or urine
levels do not reflect body stores of chromium [12]. However, urinary excretion
of 10 lg/d is usual in the absence of oral supplementation or industrial exposure
[15]. The mechanisms underlying the effects of Cr-III on glucose and lipid
metabolism are still being elucidated.

For those exposed to chromium industrially (e.g., during welding or plating),
Cr-VI is the valence form involved; it generally enters the body from such
exposures by inhalation or transdermally and in this form readily crosses cell
membranes. Once within the cellular milieu, Cr-VI is rapidly reduced to Cr-III,
which has carcinogenic activity only within the cell nuclei. The strongest evidence
that Cr-III supplementation might be beneficial in humans comes from studies by
Anderson et al.[13] in patients with diabetes and in healthy subjects whose glucose
tolerance was impaired experimentally by chromium depletion.

Walter Mertz, identified a niacin-bound chromium cofactor to insulin, which
potentiates the effects of insulin and he called it as glucose tolerance factor, or
GTF chromium. Studies have shown that chromium and niacin work synergisti-
cally, and together, can reduce cholesterol at doses that avoid niacin’s side effects.
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With a central role in glucose metabolism, chromium nutrition affects energy
levels as well as fat and protein metabolism. A chromium deficiency may lead to
hypoglycemia, maturity-onset (Type II) diabetes, and elevated cholesterol—a
major cardiovascular risk factor.

Since chromium levels are known to decrease with age, while heart and blood
sugar problems tend to rise, mounting evidence suggests that a chromium sup-
plement could be beneficial for many people, particularly in light of the deficiency
that occurs in the diet. However, The American Diabetes Association [18] was of
the view that ‘‘chromium supplementation has no known benefit’’ in patients with
diabetes who are not chromium deficient. Thus, different authors express different,
and some times contradictory views on the beneficial effects of chromium in the
human physiology. It is of significance to mention here that Mertz in his 1993
review cited 4 positive and 4 negative studies on the effects of Cr-III intake on
lipoprotein concentrations At present, the most biologically active form of chro-
mium is said to be an oligopeptide, low-molecular-weight chromium-binding
substance (LMWCr) [19–24].

LMWCr is found mainly in the liver of mammals, while appreciable quantities
are also found in the kidney. Other tissues examined to date have contained at least
traces of the material [25]. LMWCr is also found in urine, where it may represent a
major portion of urinary chromium [26]. The LD50 value for LMWCr is very small
when compared to values for other forms of chromium such as chromate or
chromic salts, being 134.9 mg/kg of body weight when given to mice by intra-
peritoneal injection [26] Size exclusion chromatography gives a molecular mass of
1.48 kDa for bovine liver LMWCr. The oligopeptide has a chromium-to-protein
ratio of approximately 4 to 1; amino acid analyses indicate that aspartate, gluta-
mate, glycine, and cysteine are present in a 2.15:4.47:2.47:2.35 molar ratio,
respectively, assuming a molecular mass of 1200 for the organic portion. No
significant amounts of other amino acids were found. Based on the proton nmr
studies, LMWCr appears to possess a tetranuclear assembly, although the presence
of 2 dinuclear assemblies cannot be ruled out with certainty, perhaps reminiscent
of the oxo-bridged, carboxylate-bridged dinuclear iron centers of non-heme iron
proteins such as ribonucleotide reductase and the oxo-bridged, carboxylate-
bridged tetramanganese assembly of photosystem II.

Chromium plays a crucial role in the activation of insulin receptor kinase
activity by LMWCr. ApoLMWCr is inactive in the activation of the kinase
activity in adipocytic membranes. However, titration of apoLMWCr with chro-
mic ions results in the total restoration of the ability to activate kinase activity;
approximately 4 chromic ions per oligopeptide were required for maximal
activity, consistent with the presence of 4 chromium per molecule for isolated
holoLMWCr. The reconstitution of the activation potential of LMWCr is specific
to chromium. Of more than 3,000 citations about chromium published [26] since
1990, and for the general public, current data do not seem to warrant routine use
of chromium supplements, as its risk–benefit ratio has not yet been adequately
characterized.
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